Purpose: This study was designed to determine the influencing factors and clinical course of pathologically proven cases of radiation-induced brain injury (RIBI).
Introduction
Radiation-induced brain injury (RIBI) is a serious complication which is commonly associated with significant functional morbidity and decreased quality of life in patients treated with brain radiotherapy. The brain is one of the most commonly www.e-roj.org fractionation schedules [3, 5] such as stereotactic radiosurgery [2] , hypofractionated radiotherapy [3] and boost techniques [2, 4] are the most widely used dose schemes in recent years. With these changes, increased damage to the parenchyma of normal brain has become one of the inevitable consequences. Moreover, it is very important to differentiate radiationinduced brain necrosis (RIBN) from primary tumor progression for proper patient care management because RIBN mimics the recurrence of brain tumors in imaging studies. Although new diagnostic tools have been developed, making differential diagnoses between tumor recurrence and RIBN is still diffi cult.
In 1991, Emami et al. [6] reported normal organ tissue tolerance doses in various organs and tissues. These data were applied to a partial dose-volume model, and the TD 5/5 (total radiation dose that can induce 5% of complication within 5 years) of whole brain, 2/3 of brain, and 1/3 of brain were reported as 4,500 cGy, 5,000 cGy, and 6,000 cGy, respectively. More recently, the Quantitative Analysis of Normal Tissue Effects in the Clinic review [7] refi ned the normal tissue dosevolume tolerance guidelines for the modern three-dimensional era.
Many potential causes of RIBI have been proposed [8] [9] [10] [11] [12] . Generally, most cases of RIBI are known to be associated with a combination of initial vascular endothelial damage, glial cell damage, alteration of cytokine expression, and chronic infl ammatory responses. A number of reports have examined cases of RIBI. However, the results were sometimes reported as diagnostic imaging changes only, and there are few data for histopathologically confi rmed cases. We designed this study to determine which factors are associated with the development of RIBI. We focused on identifying potential risk factors and examining the clinical course of RIBI in patients treated with 3-dimensional (3D) conventional fractionated radiotherapy or radiosurgery.
Materials and Methods

Patient population and tissue pathology
From June 1996 to July 2006, we experienced 12 cases of surgically proven RIBI at the Department of Radiation Oncology, the Cancer Center of Seoul St. Mary's Hospital. Eleven patients had received definitive or adjuvant radiation therapy for primary CNS tumors; one patient was treated for a metastatic brain tumor from small cell lung cancer (SCLC) as a part of palliative care. All of 12 patients underwent salvage surgery because disease progression was observed in follow-up imaging studies after initial radiotherapy. All patients except two had presented specific neurologic symptoms including a number of motor or sensory changes depending on the tumor locations. These symptoms included headache, nausea, seizures, homonymous hemianopsia, aphasia, blurred vision, dysarthria, one-sided motor weakness, and/or hemiparesis.
Computed tomography and magnetic resonance imaging (MRI) results of all 12 patients were available. Brain thallium single photon emission computed tomography was performed in one glioblastoma multiform (GBM) patient, and magnetic resonance spectroscopy (MRS) was selectively performed in two patients with anaplastic oligodendroglioma and one patient with low grade oligodendroglioma. MRI results of all patients showed progressive space-occupying mass lesions and ring-like enhancement with or without peritumoral edema. MRS fi ndings revealed malignant tumor recurrence in one anaplastic oligodendroglioma patient, and an absence of malignancies in the remaining two patients.
Pathologic specimens were reviewed by specialized neuropathologists. RIBI was defined as RIBN or radiation-induced brain change (RIBC) without evidence of viable tumor cells. RIBN was defined as a formation of coagulation necrosis combined with fibrinoid necrosis of blood vessels and hyalinization of the vascular walls within previously irradiated areas along with newly developed gadoliniumenhancing lesions on images. Patients diagnosed with nonspecific radiation changes with viable tumor cells (indicative of recurrent disease) or who did not undergo pathologic confi rmation were excluded from this study.
Radiation therapy and chemotherapy
Radiation therapy was delivered with 6 MV or 10 MV of photon beams by a linear accerelator or CyberKnife® (Accuray, Sunnyvale, CA, USA) radiosurgery equipment. Target volumes of 3D conventional fractionated treatment were as follows. The gross tumor volume (GTV) was defi ned as the preoperative primary tumor area with or without peritumoral edema. The clinical target volume (CTV) was defi ned as the GTV plus a 3D expansion of 1.5-2 cm for high grade tumors and 1-1.5 cm for low grade tumors. The CTV was slightly modifi ed depending on the surrounding normal structures and anatomical location. The planning target volume (PTV) was defi ned as the CTV plus a 3D expansion of 0.3-0.5 cm. The entire PTV was encompassed within the 90-95% isodose lines. Field size reduction (cone down) was conducted after administering 36-45 Gy depending on the tumor characteristics. A total radiation dose of 54-60
www.e-roj.org http://dx.doi.org/10.3857/roj.2011.29. 3.147 Gy was prescribed for the GTV according to the primary tumor histology. For one patient treated with the CyberKnife®, the GTV was defined as the recurrent gross mass, and PTV was defi ned as GTV plus a 3D expansion of 1-2 mm. The prescribed radiation dose was delivered to appropriately cover the PTV with adequate isodose lines.
Two meningioma patients received a single dose of 30 Gy or 24 Gy using linac-based radiosurgery. Another nine patients were treated with conventional fractionated adjuvant radiotherapy. One patient with brain metastasis from SCLC received brain radiotherapy three times. Initially, he received 24 Gy of prophylactic cranial irradiation in 12 fractions followed by 24 Gy single CyberKnife® radiosurgery for the metastatic lesions. Finally, 24 Gy of whole brain radiotherapy was administered in12 fractions over a period of 22 months. Chemotherapy was concurrently administered to eight patients. 1-(4-amino-2-methyl-5-pyrimidinyl) methyl-3-(2-chloroethyl)-3-nitrosourea hydrochloride (ACNU) was used to treat one GBM, procarbazine, CCNU, vincristine (PCV) for four GBM and two anaplastic oligodendroglioma, and temozolomide was given to one patient with low grade oligodendroglioma.
Statistical analysis
All statistical analyses were carried out using SPSS ver. 12.0 (SPSS Inc., Chicago, IL, USA). Fisher's exact test and the MannWhitney U test were used to compare the distribution of variables. The time between initial diagnosis or brain injury to death or the last follow-up was estimated using the KaplanMeier method. A log-rank test was used to compare the survival curves. All of the statistical tests were two-sided, and a p < 0.05 was considered statistically signifi cant.
Results
Patient characteristics
Baseline patient characteristics according to the disease group are listed in Table 1 .
The median age was 48 years (range, 25 to 65 years). The distribution of initial diagnoses was as follows: two meningioma, six GBM (WHO grade IV), two anaplastic oligodendroglioma (WHO grade III), one low grade oligodendroglioma (WHO grade II), and one SCLC with brain metastasis. Among these, 11 patients underwent curative brain surgery followed by adjuvant radiotherapy. Median total radiation dose in the entire patient group was 57.6 Gy (range, 24 to 59.4 Gy). When the total radiation dose was converted into a biologically equivalent dose (BED) using an α/β ratio of 3 based on a linear-quadratic model, BED 3 ranged from 86.4 to 330 Gy (median, 95.04 Gy). Fx, fractions; GBM, glioblastoma multiform; P, parietal; GTR, gross tumor removal; ACNU, 1-(4-amino-2-methyl-5-pyrimidinyl) methyl-3-(2-chloroethyl)-3-nitrosourea hydrochloride; P-O, parieto-occipital; PCV, procarbazine, CCNU, vincristine; F, frontal; STR, subtotal tumor removal; P-T, parieto-temporal; ODG, oligodendroglioma; F-P, fronto-parietal; SCLC, small cell lung cancer. 
Infl uencing factors on the radiation-induced brain injury
We conducted Fisher's exact test and Mann-Whitney U test 3 , biologically equivalent dose using α/β value of 3 in Gy; OS, overall survival; C, radiation change; AVM, arterio-venous malformation; N, radiation necrosis; DM, diabetes mellitus; HLD, hyperlipidemia; HTN, hypertension; Cbll, cerebellar; MI, myocardial infarction. to compare the distribution of disease-associated factors between patients with RIBN and those with RIBC. However, we could not fi nd any statistical differences among the variables. Gender (p = 0.061) and BED 3 (p = 0.084) were the only weak infl uencing factors. Six of the eight patients with RIBN were female and all of four patients with RIBC were male. Although the BED 3 for patients with RIBN was higher than that for those with RIBC, this was due to the use of radiosurgery in patients with RIBN. There was no difference in patient age (p = 1.000), concurrent chemotherapy (p = 0.515), maximum tumor diameter (p = 1.000), estimated 3D tumor volume (p = 1.000), surgical extent (p = 0.394), pathologic diagnosis (p = 1.000), or history of other diseases (p = 0.545) between RIBN and RIBC groups.
Since the majority of cases were treated according to an old version of the radiotherapy treatment planning system, we could not perform a detailed dose-volume analysis. To compare treatment volumes among patients, we indirectly estimated the total volumes by multiplying the three longest diameters of the GTV. Nine patients treated with conventional fractionated radiotherapy were analyzed. The estimated volumes of the four patients with RIBC were 19 
Survival assessment
At the time of this analysis, eight patients had died and four patients were alive. Median follow-up duration after the initial diagnosis was 104.6 months (range, 68 to 218 months). Overall survival times from the time of initial diagnosis and RIBI development were determined. The overall survival times of one patient who was treated with defi nitive radiosurgery and another patient who was diagnosed with SCLC were calculated from the first day of brain irradiation. The median overall survival times from initial diagnosis or RIBI development for all patients were 38.2 months (range, 6.9 to 218.2 months) and 21.5 months (range, 3.4 to 175.8 months), respectively. Median overall survival times from the initial diagnosis and RIBI among GBM patients were 16.8 months (range, 6.9 to 135.6 months) and 9.4 months (range, 3.4 to 124.0 months), respectively. We assessed the progression time to the RIBI by dividing the patients into two groups: less than 6 months (group A) and more than 6 months (group B). Although there was no statistical difference (p = 0.318), PCV chemotherapy was predominantly used in group A. Five of six patients who were treated with concurrent PCV chemoradiation developed RIBI within 6 months. The overall survival time of group B was signifi cantly longer than that of group A. Rank sum of group A and B was 24 and 54, respectively (p = 0.016). We also performed a subgroup analysis of eight patients with high grade gliomas according to RIBI progression time. On the logrank test, group B tended to have a higher overall survival rate compared to group A (p = 0.085). Kaplan-Meier overall survival curves are shown in Fig. 3 . Two (patient 5 and 7) among fi ve patients who developed RIBI within 6 months were subsequently confirmed as disease recurrence in 6 and 14 months after RIBI, respectively.
At the time of analysis, most of patients had recovered from major neurologic symptoms. However, four patients suffered from mild to moderate permanent neurologic sequelae.
Discussion and Conclusion
In 1950, Lowenberg-Scharenberg and Bassett [13] reported amyloid degeneration in human brain following X-ray therapy. Thereafter, multiple instances of cerebral radiation necrosis have been reported. It is diffi cult to assess the actual incidence of RIBN. This is because treatment sometimes includes combination of radiation and chemotherapy, and both of these treatment modalities are injurious to normal brain [14] . Moreover, it is diffi cult to differentiate between RIBN and the lesions related to recurrent brain tumors because RIBI mimics progressive or recurrent brain tumors. Pseudoprogression [15] has been defi ned as new areas of contrast enhancement with subsequent improvement without any further treatment of GBM after concurrent chemoradiation. Pseudoprogression is most likely to be induced by a pronounced local tissue reaction with an infl ammatory component, edema, and abnormal vessel permeability causing new or increased contrast enhancement on neuroimaging. In severe cases, this condition can result in actual treatment-related necrosis. Although new diagnostic imaging techniques [16] [17] [18] made it possible to diagnose brain lesions more accurately, not all of the previous reports on RIBN involved histopathologically confirmed cases, which might implicate the underestimation of RIBN incidence.
In the current study, we reviewed 12 cases of histopathologically proven RIBI. Among these, eight cases were diagnosed with RIBN and the other four had different forms of radiation injury. All patients except for three had been treated with conventional fractionated radiation therapy. The total radiation doses were within the range tolerable for the normal brain. We investigated whether other risk factors influenced the development of RIBN. Although our study was limited due to it's small sample sizes, gender (p = 0.061) and BED 3 (p = 0.084) were the weak infl uencing factors. Among the patients who were treated with conventional fractionated radiation therapy, all of the RIBN cases occurred in patients treated with radiation therapy up to 59.4 Gy except for one patient. Although radiation dose, fraction size, and volume are wellknown factors affecting RIBN development [19, 20] , age, gender and a history of conditions that affect the microvasculature, such as diabetes mellitus, hypertension, ischemic heart disease or brain infarction, could also be potential risk factors of RIBN [7] . In our study, six patients had these risk factors, and majority of the patients had more than one risk factor. Gender distribution showed similar results compared with a previous report [7] . Among the eight patients with RIBN, six were female. In contrast, all of four RIBC patients were male. RIBI after tolerable dose ranges of conventional fractionated radiotherapy is known to rarely develop, and concurrent use of chemotherapy might have contributed the development RIBI because eight among nine patients who were treated with conventional fractionated radiotherapy had received concurrent chemotherapy. In one study by Ruben et al. [14] , the use of chemotherapy was strongly related to subsequent development of RIBN and the significance was maintained even after adjusting for BED.
In dose escalation study performed by Radiation Therapy Oncology Group [21] , maximum tolerated doses in single fraction radiosurgery were 24 Gy, 18 Gy, and 15 Gy for tumors ≤20 mm, 21-30 mm, and 31-40 mm. In our study, doses and volumes of radiosurgery in all three patients were higher compared with those recommended in that trial. Moreover, one patient whose radiosurgery dose was 24 Gy had been previously treated with 24 Gy in 12 fractions in the whole brain as a prophylactic cranial irradiation, and another 24 Gy in 12 fractions to the whole brain after cancer recurrence within 22 months of total elapsed time for the entire radiotherapy course.
In the six GBM patients, three had relatively prolonged overall survival times (more than 2 years). All three patients had received concurrent chemotherapy. The overall survival times for the three prolonged survivors were 24.1, 84.6, and 135.6 months, respectively. The patient with an overall survival time of 135.6 months was still alive at the time of this analysis. We reconfirmed that her pathology was GBM which was characterized by a 40% Ki-67 index, moderate cellularity, severe cellular pleomorphism, 36-40 mitotic activity, microvascular proliferation, and necrosis. Prolonged survival after a diagnosis of GBM is rare, and we noticed that the three long-term survivors were also diagnosed with RIBI. MGMT gene promoter methylation was revealed to be significantly correlated with development of pseudoprogression and improvement in survival [22] . We did not evaluate MGMT gene promoter methylation status in the present study, and we need to confi rm this fi nding.
Our study may help defi ne pseudoprogression [23] in cases of GBM . Since the interval between the end of radiotherapy and the diagnosis of brain necrosis was within 6 months in fi ve patients, our results suggest that the progression found in follow-up imaging studies within this period could be regarded as pseudoprogressive lesions. Chamberlain et al. [24] reported similar findings in GBM patients. Twenty-six patients failed neuroradiographically within 6 months among 51 patients who had been treated concurrently with temozolomide and radiotherapy. Among 15 patients who underwent re-operation, seven patients were found to have necrosis without evidence of viable tumor cells. These concordant results suggest that pseudoprogression represents a continuum between subacute reaction to radiation and treatment-related necrosis. However, the presence of isolated and viable tumor cells could not be entirely excluded in the current study as well as the one by Chamberlain et al. [24] .
Although pseudoprogression after concurrent chemoradiation with temozolomide [23, 24] in GBM patients is generally well-known, the role of PCV chemotherapy related to pseudoprogression is not well-defined. Although PCV chemotherapy for treating high grade gliomas is relatively inadequate for current trends, the feasibility and potency of PCV chemotherapy has been reported in previous literatures [25, 26] . We observed early occurrences of RIBI in patients treated with PCV chemotherapy. However, patients who developed RIBI within 6 months had an inferior survival rate compared to those who developed RIBI after 6 months, and two among fi ve patients who developed RIBI within 6 months subsequently showed disease progression. Even though various confounding factors could contribute the overall prognosis, we found that early RIBI still had potential risk of subsequent disease recurrence.
Although RIBN is a hazardous late brain injury associated with the potential risk of debilitating sequelae and lesion progression, it did not seem to negatively impact overall survival in our study. Moreover, we observed improved survival in the GBM patients despite suboptimal treatment. RIBN in GBM patients might have distinctive characteristics compared to other forms of brain necrosis in terms of early occurrence and prolonged survival. Further investigation to identify the underlying mechanism of pseudoprogression, prolonged survival in GBM patients, and the role of PCV chemotherapy as a potent radiosensitizer are required. Association between RIBI progression time and overall survival should be also examined in future studies.
Quality of life [27] is another concern for brain tumor patients due to the risk of permanent sequelae. Four patients in our study had suffered mild to moderate permanent sequelae. It is obvious that RIBN or RIBI is a serious late complication that most physicians wish to avoid. However, considering the limited life expectancy among patients with high grade tumors, optimal radiation treatment as well as aggressive surgical tumor removal should be offered. Based on our study, we need to more accurately diagnose the progressive lesions in imaging studies after treatments, because discrimination of early recurrence in this period is essential for decision of further treatment strategy. Newer imaging techniques [16] [17] [18] may be helpful for noninvasive differential diagnosis. However, even in cases with suspicious of non-recurrent lesions, salvage operation should be considered in symptomatic patients with progressive neurologic deteriorations or functional changes.
Although we cannot draw any fi rm conclusions due to the small sample size of this study, we identifi ed some consistent factors associated with RIBI. In our study, a history of diseases such as diabetes mellitus, hypertension, ischemic heart disease, http://dx.doi.org/10.3857/roj.2011.29. 3.147 or cerebral infarction; use of concurrent chemotherapy, gender, re-irradiation within a short period, and radiosurgery in a single high dose with large treatment volume seemed to be correlated with developing RIBI. However, this was not fully demonstrated in the statistical analysis. RIBN associated with conventional fractionated radiotherapy occurred in patients treated with a relatively lower dose range rather than established dose-volume parameters. GBM patients with RIBN showed prolonged overall survival despite the inclusion patients with suboptimal treatment schemes in our analysis.
In conclusion, our study showed that RIBN can occur within conventional dose range and shorter period in potentially high-risk group of patients. Special concern is required in these patients because of the potentially reduced quality of life associated with radiation injury. Overall survival in GBM patients who developed RIBI had prolonged overall survival time. However, RIBI that occurred within 6 months after PCV chemoradiation was associated with inferior overall survival compared to RIBI cases that developed after 6 months, probably due to the potential risk of subsequent disease progression in early period RIBI. More effi cacious methods to discriminate true recurrence and RIBI, and the relationship between RIBN and overall prognosis, especially in GBM patients should be further investigated in future large trials.
